We describe the creation of localized density perturbations, or ion holes, in an ultracold neutral plasma in the hydrodynamic regime, and show that the holes propagate at the local ion acoustic wave speed. We also observe the process of hole splitting, which results from the formation of a density depletion initially at rest in the plasma. One-dimensional, two-fluid hydrodynamic simulations describe the results well. Measurements of the ion velocity distribution also show the effects of the ion hole and confirm the hydrodynamic conditions in the plasma. V C 2013 AIP Publishing LLC.
I. INTRODUCTION
Ultracold neutral plasmas (UNPs), 1, 2 formed through near-threshold photoionization of laser cooled atoms, occupy a unique parameter regime of neutral plasmas and also offer powerful diagnostics and excellent control over initial conditions. This makes them an excellent platform for studying a wide range of plasma phenomena, such as equilibration of strongly coupled plasmas, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] ambipolar diffusion with 15 and without 16, 17 a magnetic field, electron plasma oscillations, 16, 18 Tonks-Dattner resonances 19 and edge modes, 20 ion acoustic waves, 21 an electron drift instability, 22 threebody recombination at ultracold temperatures, 13, [23] [24] [25] [26] [27] [28] [29] and the crossover to an ultracold plasma from a dense gas of Rydberg atoms. [30] [31] [32] [33] Recent experiments creating ultracold plasmas in a seeded supersonic molecular beam 34 introduce molecular processes to the plasma evolution and show promise for yielding more strongly coupled systems. Here, we take advantage of the ability to control the initial density distribution to create and study localized density perturbations, or ion holes, in an UNP in the hydrodynamic regime.
Propagating localized density perturbations in a neutral plasma are of great interest because they take many forms and can be sensitive to nonlinear and kinetic effects. 35, 36 Local density enhancements in a plasma are typically referred to as solitons 37, 38 and depletions are referred to as holes. [35] [36] [37] Here, we focus on density depletions in which ion and electron densities closely follow each other, which are referred to as ion holes. 39, 40 We create ion holes by sculpting the initial density distributions to have a planar depletion through the center of the plasma. We find that the hole spontaneously splits into two planar holes that propagate at the local ion acoustic speed. This behavior is further characterized by simulating the plasma evolution with a onedimensional two-fluid simulation that was originally developed to investigate solar and stellar atmospheres. 41, 42 For the conditions of our experiment, the ion holes are well described as linear ion acoustic phenomena in a hydrodynamic regime, similar to ion acoustic waves previously studied in UNPs. 21 Similar ion holes are also seen in nonneutral plasmas 37 and dusty plasmas in the form of dust-ionacoustic holes. 43 Gap-splitting and hole-propagation are readily observed in hydrodynamic environments in general, even in relatively exotic systems such as quantum degenerate bosonic 44 and fermionic 45 superfluids in ultracold atomic gases.
While the results presented here do not access a regime in which kinetic effects appear to be important, such experiments are possible in UNPs. So, it is worth noting that there is a rich literature on ion holes in the kinetic regime, which are important in many space plasma settings and experimental plasmas 36, 46, 47 such as beam plasma heating. 39 They are associated with two-stream instabilities, 39, 40 and the resulting negative potential produces a population of trapped ions that can create nonlinear effects even in the small-amplitude limit. 35, 36 The interactions of overlapping colliding density perturbations have also attracted significant interest because of their possible role in the creation of energetic particles and other collective excitations. 35, 47 Electron holes are also possible in the electron component of a neutral plasma. 48, 49 II. EXPERIMENTAL SETUP Ultracold neutral plasmas are created through photoionization of laser-cooled strontium atoms from a magnetooptical trap (MOT) as described in Ref. 3 . The plasma density distribution is a spherical Gaussian, nðrÞ ¼ n 0 expðÀr 2 =2r 2 0 Þ, with n 0 ¼ 1:2 Â 10 15 m À3 and r 0 ¼ 1:4 mm. The initial electron temperature is tunable (T e ð0Þ % 1 À 1000 K), and is determined by the excess energy of the ionizing photons above threshold. Ion temperatures are set by disorder-induced heating 4, 7 to a density-dependent T i ð0Þ / n 1=3 , which is approximately 1.5 K for our conditions. This results in strongly coupled ions in the liquid-like regime, 2,50 but strong coupling does not have a significant effect on the observations described here.
To create ion holes, a planar density depletion cutting through the center of the plasma is formed by spatial modulation of the ionizing beam's intensity profile. To create small amplitude perturbations (10% depletion), intensity masks are made by printing a 2 pt. (700 lm wide) line on a transparency with a conventional inkjet printer. The mask is imaged onto the laser-cooled atoms with a 1:1 optical relay a) patrickmcquillen@rice.edu 1070-664X/2013/20(4)/043516/7/$30.00
V C 2013 AIP Publishing LLC 20, 043516-1 that provides excellent optical performance over the depth of field of the atom cloud down to $20 lm length scales. Similar techniques were recently used to create a periodic density modulation and excite ion acoustic waves. 21 Doppler-sensitive, laser-induced fluorescence (LIF) is used as a diagnostic. A tunable, narrowband laser induces fluorescence from the primary Sr þ transition, 2 S 1=2 À 2 P 1=2 at k ¼ 422 nm. 17 The 422 nm laser beam illuminates the entire plasma and is close to perpendicular to the ionization beam and plane of the density depletion. Fluorescence emitted close to perpendicular to the plane of the ionizing and 422 nm beams is imaged through a 1:1 optical relay onto an intensified CCD camera. The point spread function of the imaging system is measured experimentally to have a FWHM of 25 lm, and is used to deconvolve acquired images to minimize spatial blurring. 51 The resulting image, Fð; x; yÞ depends on the laser frequency ðÞ due to the natural linewidth and Doppler-broadening of the transition. 21, 52 Images are combined to obtain a map of the areal density, from which we infer the density distribution of the ions in the central plane, perpendicular to the gap n i ðx; y; z % 0Þ / P Fð; x; yÞ, as described in Ref. 21 . To probe the ion velocities and local temperature during the evolution of the ion hole, we examine LIF spectra of small spatial regions in the vicinity of the gap. 21, 52 We obtain the spectrum of a region of the plasma, SðÞ region , by summing the fluorescence from that region
Fðx; y; Þ:
Spectra can be fit by Voigt profiles convolving a Lorentzian function describing the natural linewidth of the transition and a shifted Gaussian for Doppler effects. The shift of the Gaussian represents the mean velocity of the ion population and the width represents the RMS velocity deviation (typically expressed as an effective ion temperature). 52 To good approximation, because the Doppler-broadening is large, the spectrum can be interpreted as a distribution function for ion velocity along the laser beam (v) through the relation v ¼ kd, where d is the frequency offset from resonance.
We also model the plasma evolution with a onedimensional two-fluid simulation 41, 42 in which we account for bulk flows (transport, compression, and rarefaction), energy exchange between particle species by collisions and the work done by small-scale electric fields. We found that thermal conduction and viscous interactions made negligible contributions to the plasma energy balance in the temperature regimes explored here. The initial density distribution is matched to the profile observed experimentally within 100 ns of plasma creation. Ion temperature is set equal to the value after disorder-induced heating 4 measured with LIF spectroscopy. 52 A one-dimensional simulation will not correctly reproduce the adiabatic cooling of electrons and ions caused by the three dimensional expansion of the ultracold plasma. So in the simulation, we set the electron temperature using the known functional form for a self-similar expansion, 17 which is determined by the initial electron temperature and size of the plasma (details given in Sec. III B). The ion hole propagation is insensitive to the ion temperature for our conditions of T i ( T e . Figure 1 shows the evolution of the ion density distribution for a large amplitude perturbation. Immediately after plasma formation, a central gap is evident ( Fig. 1(a) ) with a length scale for the sides of the gap of about ' ¼ 200 lm. Ions move into the gap and a density feature emerges at the confluence. This evolves into two distinct density depletions, or ion holes, that propagate away from the plasma center. In spite of the inhomogeneous background density of the plasma, the propagation fronts remain close to parallel because the sound-speed depends only on the mass of the strontium ions and electron temperature, which is uniform across the front.
III. RESULTS AND DISCUSSION
Figures 2(a) and 2(b) show density traces along a line through the center of the plasma, perpendicular to the initial density depletion, for two initial electron temperatures. For both conditions, we see an overall expansion of the plasma density profile with time, which has been well studied. 17 We also see an initial filling of the gap, appearance of a central density peak, and eventual splitting of the gap into two propagating ion holes. For the different electron temperatures shown, notice the similarity in the evolution but the difference in timescales, which scale with T e ð0Þ À1=2 . The central peak in density eventually matches the amplitude of the unperturbed cloud as seen in gap-splitting studies in hydrodynamic quantum fluids. 44, 45 The one-dimensional simulation accurately reproduces the evolution of the experimentally observed density profile.
A. Hydrodynamic criteria
The hydrodynamic nature of the plasma is important for this phenomenon. The critical parameter which demarcates hydrodynamic (collisional) and kinetic (collisionless) regimes is the ratio between the mean-free-paths of the particles and a characteristic scale-length of the plasma, known as the Knudsen number. When this ratio is small, the plasma is collisional and the particle velocity distribution functions are near Maxwellian. When the mean-free-path exceeds the characteristic scale-length then non-local phenomena can become important. Tables I and II show the mean-free-paths and collision timescales for ion-ion and electron-electron collisions, respectively, for conditions relevant to strontium ultracold plasmas. They are defined in terms of the generalized collision frequency for a test particle (a) streaming through a background of field particles (b)
where 
k a;b is the Coulomb logarithm for the interaction. For ion-ion collisions of four times the thermal velocity (v th ) for a typical ion temperature of T i ¼ 1 K, the mean-free-path is 73 lm, much less than the length scale of the gap in our experiments (l ¼ 200 lm). At 4v th when T i ¼ 2 K, the mean-free-path is 300 lm, on the order of the length scale of the gap. So, kinetic effects due to the ions should be small in the parameter space of interest to us, which is supported by our observations. For collisions involving electrons, however, the meanfree-path approaches the gap dimension for one v th at T e ¼ 25 K and so electrons should behave kinetically, but these effects appear to be unimportant at the electron energies encountered here. They might become important in higher temperature plasmas where the streaming population could influence the energy balance and, consequently, the dynamics of the plasma via high order moments of the distribution function, such as the heat flux. However, within the parameter space explored here the behavior of the plasma is dominated by the ion dynamics, which are firmly within the collisional, hydrodynamic regime. The hydrodynamic nature of the dynamics and the small amplitude of the density perturbations implies a simple explanation for the gap-splitting that is observed. The basic physics of the phenomenon should be described by the linear acoustic wave equation
Because the characteristic length scale of the perturbation is much larger than the electron Debye screening length, the ion acoustic wave-speed for any wave component significantly contributing to the ion-hole wave packet is constant, C s ðtÞ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi k B T e ðtÞ=M p . 53 Under these conditions, an initially stationary, localized perturbation, n 0 ðxÞ, will split into two traveling components described by nðx; tÞ ¼ ½n 0 ðx þ C s tÞ þ n 0 ðx À C s tÞ=2.
By varying the properties of the induced plasma density distribution and the electron temperature, it is possible to look for kinetic effects on the plasma evolution. For example, we observe that with significantly higher electron temperature and smaller plasma density in the gap, corresponding to an ion mean-free-path much larger than the gap dimensions, the central feature is diminished or absent, and we see evidence for plasma streaming. In this paper, we focus on the hydrodynamic regime and leave these kinetic phenomena for a future study. 
B. Self-similar plasma expansion and ion hole propagation
The inhomogeneous density distribution and overall plasma expansion introduce additional complications not described by the simple wave equation (Eq. (6)). However, with a proper treatment of these effects, it is possible to measure the ion-hole speed and check the ion-acoustic-wave description. For a spherically symmetric Gaussian density, under the assumptions of quasi-neutrality and adiabaticity, the evolution of the size of the plasma cloud (1= ffiffi ffi e p density radius, r), the expansion velocity (hydrodynamic velocity, u), and the ion and electron temperatures (T i and T e ) can be written as 
cðtÞ ¼ t=s
uðr; tÞ ¼ cðtÞr;
where r is the radial distance from cloud center and the expansion rate is determined by the characteristic expansion time
For a strontium plasma with a typical initial size of rð0Þ ¼ 1:4 mm, an initial electron temperature, T e ð0Þ ¼ 25ð55Þ K, and an initial ion temperature, T i ð0Þ ¼ 1 K; s exp is approximately equal to 29(20) ls.
The plasma expands self-similarly, maintaining a Gaussian profile (Eq. (7)). From Eqs. (8) and (9), one can see that the expansion velocity is proportional to position from the center and initially proportional to time for t < s exp . For t ) s exp ; cðtÞ % 1=t, and acceleration decreases. Finally, Eq. (10) shows adiabatic cooling of the temperature of the ions and electrons.
Intuition for the evolution of the gap can be gained by recognizing that both the plasma expansion and the initial evolution of the gap are driven by the conversion of electron thermal energy into directed ion motion. This process can be understood hydrodynamically using the coupled ion-electron momentum balance equations at early times when ion velocities are small. 16 The initial acceleration of the ions (a 0 ) is provided by the electron pressure (P e ) according to Mna 0 % ÀrP e % Àr À nk B T e ð0Þ Á . T e ð0Þ is expected to be close to uniform, 25 and the final ion velocity is set by conservation of energy, v f % ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi k B T e ð0Þ=M p . This implies a timescale of
For the expansion, the length scale is set by the Gaussian density profile, Àn=rn % r 0 , yielding a selfsimilar expansion with the characteristic expansion time of s exp % ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi Mr 2 0 =½k B T e ð0Þ p , 2,17 an approximation of Eq. (11). The presence of a density depletion introduces a smaller length scale, Àn=rn % ', leading to a faster timescale for density change associated with ions moving into the gap,
q . This yields s f ast ¼ 5 ls for T e ð0Þ ¼ 25 K, which approximately matches the experimental timescale for the filling of the gap and emergence of two ion holes.
To check the overall expansion and the electron temperature, we fit the evolution of the plasma size obtained from Gaussian fits to the density distributions to the expected evolution for self similar expansion, Eq. (7). Figure 3 shows these measurements and fits. The extracted temperatures from the size evolution are in reasonable agreement with the expected self-similar expansion of an unperturbed plasma cloud, demonstrating the gap is a small perturbation that does not significantly modify the expansion in this regime.
To model the motion of the ion holes, we assume propagation at the ion acoustic sound speed C s ðT e Þ in the frame of reference moving with the expanding background plasma, u x ¼ cðtÞx (Eq. (9)), allowing the initial electron temperature to vary when fitting the data. This description is reasonable, as suggested above, because an ion hole can be viewed as an ion acoustic wavepacket comprised of a linear superposition of waves with wavelengths $'. This length scale is much larger than the Debye screening length (k D ¼ 10 lm for 3 . Evolution of the plasma size for initial peak density n 0 $ 1 Â 10 15 m À3 and initial electron temperature T e ð0Þ determined by the photoionization laser indicated in the legend. The plasma size was measured from the Gaussian fits neglecting the small perturbation of the ion holes (see Fig. 2 ) and fit to Eq. (7). The extracted values of T e ð0Þ from expansion are 4363 K and 2464 K.
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McQuillen et al. Phys. Plasmas 20, 043516 (2013) T e ¼ 25 K), so these waves are dispersionless with speed C s . For the small hole amplitudes used, we neglect nonlinearities and assume the background density and electron temperature evolve according to the self similar Gaussian expansion of an unperturbed plasma 17 (Eqs. (7)- (11)). This leads to the following differential equation for the evolution of the ion hole position
where _ x is the derivative with respect to time and x ¼ 0 corresponds to the center of the plasma. Equation (13) has an analytic solution as follows:
The second line shows that the holes move linearly for t ( s exp . In the limit t ) s exp , we also find linear propagation at a slightly higher speed,
and our measurements do reach into the crossover regime between the two limits.
To quantitatively analyze propagation of the ion holes, we first measure the holes' locations and widths by fitting each density profile to the sum of three Gaussians, i.e., the overall cloud and two holes. At early times, when the gap has widened but not yet split, we find the hole centers by making the simplifying assumption that the widths of each hole are unchanged from the width of the initial gap. Holes are known to interact attractively in the kinetic regime, 48 so the evolution of the gap at early times is an important topic for further study.
The evolution of the positions of the holes is then fit to Eq. (14), with x 0 and s exp as the fitting parameters and r 0 is obtained from 2D Gaussian fits to the plasma's areal density, shown in Figure 2(c) . Figure 4 shows that the extracted initial electron temperatures match the expected values from the photoionization laser detuning, supporting the model for hole propagation in this regime (Eq. (14)). Alternatively, this can be viewed as an extraction of the ion hole velocity and confirmation that it closely matches the local ion sound speed. We also analyze the simulation results using the same procedure and show the extracted initial electron temperatures in Fig. 4 , which agree well with expectations and data.
C. LIF spectroscopy and studying the ion hole through velocity A complementary picture of the ion hole dynamics and important additional information on the ion temperature and possible kinetic effects can be obtained by looking at the LIF spectra of small spatial regions in the vicinity of the gap. As described in Sec. II, these can be interpreted as velocity distribution functions because of the sensitivity of the spectrum to Doppler effects. Figure 5 shows spectra of the central region and regions to the right of the gap for small amplitude initial density perturbations. Due to the symmetry of our plasma about the plane of the initial density depletion, corresponding regional spectra in the two hemispheres mirror each other.
A positive average velocity represents ions moving away from plasma center, whereas, negative velocity represents ions moving towards it. Without an initial density perturbation, regional spectra show average positive velocities that increase with time and distance from center as expected for a self-similar plasma expansion. 17 The widths reflect the FIG. 4 . Measured T e ð0Þ extracted from the motion of the ion holes (Eq. (14)). The expected electron temperature is the value set by the wavelength of the photoionizing laser. Simulation and experimental points are both extracted the same way from the density profiles, and each point is an average of the measurement for left and right-going holes. The dashed line is provided as a guide to the eye. Error bars here and elsewhere in the paper are 95% confidence intervals. 
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McQuillen et al. Phys. Plasmas 20, 043516 (2013) ion temperature set by disorder-induced heating. 3, 7 It is very difficult to discern by eye a difference between the spectra with and without an initial density perturbation. This lack of difference shows that the ion velocity distribution is staying Maxwellian in the presence of the ion hole, as expected for hydrodynamic conditions. Kinetic conditions for the ions would likely result in skewed and flat-top distributions, or, in the extreme, bimodal distributions and evidence for multiple streaming populations of ions.
For finer analysis, spectra can be fit to Voigt profiles to extract ion velocity and temperature. Figure 6 shows such an analysis for spectra of the central region and regions to the right of the gap. For perturbed plasmas, as the hole moves into a region, the density gradient at the leading edge accelerates ions towards the center of the plasma. This counter flow of the hole velocity and underlying fluid velocity of the medium is the characteristic of hydrodynamic hole phenomena. For 350 lm from plasma center (region 1, Fig. 6 (bottom)), counterflow is evident within a few ls after plasma creation as negative velocity, indicating ions moving towards plasma center. The gradient at the trailing edge of the hole subsequently decelerates the ions and creates a stagnation point so that after passage of the hole, the ion velocity returns to the increasing, positive value indicative of overall plasma expansion. Note that higher initial electron temperature produces larger negative fluid velocity and causes the ion hole to move more quickly through the regions. In regions further from the plasma center, the ion hole arrives later, and the deviation in velocity associated with the passage of the ion hole is smaller compared to the expansion velocity. For 1050 lm from plasma center, for example (region 3), the overall ion velocity is never negative, but in the frame of reference expanding with the plasma, the perturbation still represents a movement of ions back towards the initial gap as the ion hole passes. The hydrodynamic simulation reproduces the data well.
The sound speed at T e ¼ 25ð55Þ K is approximately 48(72) m/s, and Fig. 6 shows that the bulk flows are subsonic, with flow speeds generally lower than 10 m/s. A stronger density gradient in the initial conditions should induce a stronger pressure gradient and drive faster flows. This may make it possible to enter the super-sonic regime, and thereby study the formation and interaction of shocks. 54, 55 We plan to pursue this in a future investigation.
In a system that is well described as hydrodynamic, the passing of an ion hole represents an adiabatic rarefaction followed by recompression, which leads to localized cooling and then reheating of the ions. This effect is small, but visible in the hydrodynamic simulation (Fig. 6) . It is not possible to discern this against the noise in the experimental data.
IV. CONCLUSION
In conclusion, we have observed ion holes in an ultracold neutral plasma in both position and velocity space, and we have confirmed that they propagate at the local sound speed. These holes are formed by splitting of an initially stationary density perturbation, and they are well described by a one-dimensional, two-fluid, hydrodynamic simulation. These studies demonstrate the potential of using UNPs and numerical simulations to study a wide range of fundamental plasma phenomena. There are many future directions to explore with these capabilities. For example, sharper density features may lead to the excitation of shocks. 54, 55 Plasmas with initial localized density enhancements should produce solitons. 37, 38 Because of the ability to measure the ion velocity distribution, we can study the crossover from the hydrodynamic to kinetic regime, such as by varying the density of ions and length scale of the initial gap. We can look for the onset of streaming plasmas, which may also enable a measurement of the ion stopping power. 56 This is particularly interesting because the ions, at least initially, are strongly coupled.
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